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An all-fiber Mamyshev oscillator with a single amplification arm is experimentally demonstrated to achieve
high-energy and high-average-power ultrafast pulse output, with the initiating of an external seed pulse.
In the high-energy operation, a maximum single-pulse energy of 153 nJ is achieved at a repetition rate
of 9.77 MHz. After compression with a pair of diffraction gratings, a measured pulse width of 73 fs with a
record energy of 122.1 nJ and a peak power of 1.7 MW is obtained. In the high-average-power operation, up
to 5th harmonic mode locking of the oscillator is realized via slightly adjusting the output coupling ratio
and the cavity length. The achieved maximum output power is 3.4 W at a repetition rate of 44.08 MHz,
while the corresponding pulse width is compressed to around ~100 fs. Meanwhile, the system is verified
to be operated reliability in both high-energy and -average-power operation regimes through assessing
its short- and long-term stabilities. To the best of our knowledge, these are the highest records in pulse energy
and average power delivered from a single all-fiber ultrafast laser oscillator with picosecond/femtosecond
pulse duration. It is believed that even higher-energy and -average-power ultrafast laser can be realized
with the proposed laser scheme through further increasing the core diameter of the all-fiber cavity,
providing promising sources for advanced fabrication, biomedical imaging, laser micromachining, and other
practical applications, as well as an unprecedented platform for exploring undiscovered nonlinear dynamics.
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Introduction

Ultrafast lasers emitting picosecond/femtosecond pulses have
been extensively researched over decades [1-5], thanks to the
aplenty of operation regimes and nonlinear phenomena that
are unveiled and yet to be explored. In addition, compared with
their solid-state counterparts, fiber lasers have intrinsic advan-
tages such as compact and robust structure, high efficiency,
excellent anti-interference ability, and high beam quality [6-8].
Nevertheless, an indispensable precondition for keeping all
those merits is the implementing of an all-fiber laser configu-
ration, which, however, would hinder the scaling of the average
power and pulse energy, owing to the strong nonlinearity that
induced by the interaction of intense light confined in the small
mode area and the long fiber waveguide, rendering it unable
to compete with solid-state lasers in terms of output power and
energy under ultrafast operation [9]. To a certain degree, this
issue can be circumvented by exploiting the fiber chirped pulse
amplification scheme with large mode area (LMA) fiber and
cladding pumping, and impressive results such as 300-W aver-
age power [10] and 150-p] single-pulse energy [11] have been
achieved with an all-fiber format. However, higher output power
and energy from a single fiber oscillator are still desirable for
simplifying or even removing the subsequent amplification
stages for specific applications and provide an unprecedented
platform for exploring undiscovered nonlinear dynamics.
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The convention method to obtain high-energy pulse output
is the implement of an all-normal dispersion fiber laser, in which
the intracavity pulse is highly chirped such that the accumu-
lated nonlinear phase can be alleviated with a broadened dura-
tion and reduced peak power. Typical operation mechanisms
are the dissipative soliton and similariton mode locking, which
are well-known nonlinear attractors of all-normal dispersion
mode-locked fiber lasers and can generally emit nanojoule-level
pulse energy [12-16]. Enlarging the core diameter of the fiber
and extending the cavity length are two ways to further increase
the pulse energy, and in this case, the light intensity is reduced
in the space domain, as well as extending the cavity length, to
augment the time chirping and reduce the pulse repetition rate.
In 2015, a dissipative soliton mode-locked fiber laser constructed
with LMA 10/125 fiber was demonstrated to emit over 50-n]
single-pulse energy at a repetition rate of 1.44 MHz (cavity length,
138 m), which corresponds to an average power of ~70 mW
[17]. Subsequently, a similar work with an output pulse energy
of 50 nJ and a repetition rate of 5.3 MHz (cavity length, 40 m)
was reported in [18] using the same fiber, and further pulse
enhancement is limited by strong Raman effect. Considering
the average power scaling, there is actually a dilemma with the
cavity length of mode-locked fiber lasers. As a short cavity length
can lead to a high repetition rate of the yielded pulse train and
then an increased output power, the overall optical gain inside
the cavity would be limited with the decreased length of the
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gain fiber. In this way, the output power of ultrafast all-fiber laser is
generally in the tens of milliwatt level, and, up to now; the maximum is
308 mW with a repetition rate of 71 MHz [19]. Basically, there
is no substantial scheme to simultaneously achieving high pulse
energy and average power from a single ultrafast all-fiber laser.
Although the dissipative soliton resonance mode locking can
realize watt-level power pulsing with hundreds of nanojoule energy
[20,21], its pulse width is nanosecond level with nonlinear
chirping and can hardly be compressed to the ultrafast regime.

Recently, the mode-locked fiber Mamyshev oscillator (MO)
has attracted much attention because of its potential to produce
high-power and high-energy pulses with ultrashort duration
[22-37]. Essentially, the mode-locking mechanism of MO is
based on the nonlinear spectral broadening and offset spec-
trum filtering at 2 cascaded fiber amplification arms [22]. In
this way, energetic pulsing could be realized through delicately
engineer the cavity design, while the continuous light and weak
pulses will be blocked by the filtering. Up to now, the maximum
pulse energy of 1 pJ and the average power of 9 W have been
achieved from an MO based on LMA photonic crystal fiber,
which, however, incorporates free-space coupling to form the
cavity, rendering the system cumbersome and susceptible to
interference [25].In 2020, the first all-fiber MO was reported
in [34], and >20-n]J pulse energy at fundamental repetition rate
and 1.3-W average power at 14th harmonics (107.8 MHz) are
obtained, whereas the outputted pulse was not compressed. In
2021, an all-fiber harmonic mode-locked MO that operates at
305-MHz repetition rate was demonstrated; however, the pulse
energy was just few nanojoules owing to the using of 6/125 fiber
[35]. After that, we demonstrated an all-10/125-fiber MO and
achieved the maximum pulse energy of 83.5 nJ with the output
power of 787.3 mW [36]. More recently, an all-fiber MO with
the association of active and passive arm that mode-locked at
the fundamental repetition rate was realized with 110-n] pulse

energy, which was reduced to 80 n]J after compression, and the
limitation for further energy scaling might be attributed to the
inclusion of small-mode-area fiber in the cavity [37].

Here, we experimentally demonstrate an ultrafast laser that
leveraging a polarization-maintaining (PM) all-10/125-fiber
MO with a single amplification arm, while the other arm is
replaced with a segment of transmission fiber. With such a
simplified structure, the achieved maximum single-pulse energy
is 153 nJ with an average power of 1.5 W at a repetition rate of
9.77 MHz. The pulse width could be externally compressed to
73 fs by a pair of diffraction gratings. Considering the insertion
loss of the gratings, the compressed pulse has the maximum
single-pulse energy of 122.1 nJ with a maximum peak power
of 1.7 MW, standing for a new milestone of the all-fiber ultrafast
lasers, which has never realized hundred-nanojoule energy
before. Through adjusting the output coupling ratio, we obtained
the maximum output power of 3.4 W at the 5th harmonic
repetition rate (44.08 MHz), corresponding to a pulse energy
of 77.1 nJ]. Moreover, the pulse width can be compressed to
around ~100 fs at the maximum power. These results are verified
to show good stability against environmental interference and
can operate stably for several h. To the best of our knowledge,
both 153-n] pulse energy and 3.4-W average power are the
highest record from all-fiber-based picosecond or femtosecond
ultrafast laser oscillators. This progress is one important step
closer toward achieving both hundred-nanojoule energy and
ten-watt power from a compact all-fiber ultrafast laser cavity.

Materials and Methods

The experimental setup for the hundred-nanojoule level all-
fiber MO is shown in Fig. 1. Different from a common MO, the
current structure comprises only one amplification arm with
2 offset filters, of which the central wavelength/3-dB bandwidth

Fig.1.Experimental setup for the hundred-nanojoule level all-fiber MO. LD, laser diode; IS0, isolator.
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is respectively 1,060 nm/10 nm (filter 1) and 1,073 nm/7 nm
(filter 2). The active gain fiber is a piece of 2.6-m 10/125
Yb-doped fiber (YDF) with the absorption coefficient of
4.95 dB/m at 976 nm and is forward pumped by a multimode
laser diode via a combiner. The coupler 1 is connected after the
YDF to export 80% of laser energy out the cavity. A segment
of 10-m passive fiber is inserted between the 2 filters for spec-
trum broadening, along with an optical isolator to guarantee
unidirectional circulation of the laser in the cavity. In addition,
the coupler 2 with a coupling ratio of 40:60 is placed before the
amplification arm to introduce a pulse seed into the cavity for
initiating the mode-locking operation. The total cavity length
is about ~ 21.2 m, corresponding to the fundamental repetition
rate of 9.77 MHz. It should be noted that the cavity is an all-PM
structure, in which all pig tails of the optical components are
PM 10/125 fiber. Such a new variation of MO with only one
gain arm makes the system more compact, integrated, and con-
venient to be manipulated without the need to regulate the
power of 2 pump laser diodes. To characterize the laser pulse,
an optical power meter, and an optical spectrum analyzer with
a resolution of 0.02 nm, a photodetector with a bandwidth of
5 GHz, an oscilloscope with a bandwidth of 1 GHz, a radio
frequency (RF) analyzer with a resolution of 1 Hz, and an auto-
correlator were employed to monitor the output port of coupler 1.
The pulse seed that initiates stable pulsing of the MO was a
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home-made mode-locked laser with a repetition rate of 19.82 MHz
and a pulse width of 10 ps. As the output laser pulse will be
highly chirped, a diffraction grating pair with a line density of
1,000 lines/mm was utilized to construct a folded Treacy grating
compressor to dechirp it to the femtosecond regime.

Results and Discussion

High-energy operation

With the gradual increase in the pump power, a transition of the
output from amplified seed pulse to multipulse and then stable
mode-locked pulse with the fundamental repetition rate of the
cavity was observed on the oscilloscope. Once stable mode
locking is established, it can be maintained with the ceasing of
the seed pulse. In the current experiment, the mode locking of
the MO could be operated stably for a pump power range from
3.4to 5.6 W. Figure 2A shows the evolution of the output power
with the enhancement of pump power, manifesting a linear
relationship with a slope efficiency of 68.2%. Under the pump
power of 5.6 W, a maximum output power of 1.5 W was
obtained, corresponding to a maximum single-pulse energy of
153.0 nJ. With the increase in the output pulse energy, a gradual
broadening of the optical spectrum was observed because of
the intensified nonlinearity, as shown in Fig. 2B. Meanwhile,
remarkable stimulated Raman scattering (SRS) component also
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Fig. 2. Pulse characteristics of the high-energy MO. (A) Output power and single-pulse energy versus the pump power. (B) Evolution of the output optical spectrum, (C) the
measured pulse width before and after compression, and (D) the corresponding calculated peak power with the increase in the single-pulse energy.
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emerged with the increase in the pulse peak power. The meas-
ured duration and peak power of the output pulse before and
after dechirping are respectively shown in Fig. 2C and D.
Because of the broadened spectrum at higher energy, the
uncompressed pulse width demonstrates a monotonous widen-
ing from 3.7 to 6.4 ps, whereas after compression, the pulse
width stays around 75 + 10 fs, indicating that the accumulated
pulse chirping at higher energy can basically be compensated
with the grating compressor. In addition, the calculated pulse
peak power demonstrates a similar trend versus the increase
in the energy before and after compression, with the maximum
value of 25.9 kW and 1.7 MW, respectively (considering the
1.05-dB insertion loss of the compressor). It is also noted that
the peak power achieved from this single all-fiber oscillator is
in the same order of magnitude as that obtained from an
all-fiber chirped pulse amplifier [38,39]. The optical spectrum
at the maximum power of 1.5 W is presented in Fig. 3A, in
which the 10-dB bandwidth is around 60 nm. It is observed
that the long wavelength SRS light is 7 dB lower than the signal
light, and through integral calculation of the spectrum from
1,100 to 1,300 nm, its weight is about 18.7% in the total output
power. Moreover, despite the prominent SRS effect compared
with conventional mode-locked lasers, it is inferred to be origi-
nated from weak signal that shifted to the long wavelength via
self-phase modulation other than random noise, as the overall
performance of the laser pulse is commendable as will be
discussed later. In addition, it is noted that the spectral spikes
at around 1,030 nm are attributed to the combined effects of
nonlinear and linear gain, with the latter being particularly high
for the YDFs, as, at this spectral range, the continuous wave
components are unlikely to survive considering the passbands
(1,060 and 1,073 nm) of the intracavity filters. The measured
autocorrelation trace of the compressed pulse at maximum
energy is shown in Fig. 3B, demonstrating a 3-dB pulse width
of 73 fs, while the slight pedestal should be attributed to the
uncompensated nonlinear chirping that induced by high-order
dispersion and nonlinear effects including SRS, which is prominent
on the measured output spectrum as shown in Fig. 3A. The
inset presents the corresponding autocorrelation trace in a
temporal span of 15 ps, in which no satellite pulses are observed.
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The pulse characteristics were further examined at the pump
power of 5 W (138.6-n] pulse energy) to verify the system
reliability and stability. Figure 4A shows the measured pulse
train (top part), of which the pulse interval is 102.4 ns, corre-
sponding to the fundamental repetition rate of 9.77 MHz. The
bottom part of Fig. 4A shows the pulse envelope of a single
pulse detected by a high-speed photodetector with bandwidth
of 12.5 GHz and a real-time oscilloscope with a bandwidth
of 36 GHz, indicating the single-pulse operation of the MO.
Besides, the amplitudes of output pulses are counted and
normalized relative to the maximum. Figure 4B presents the
amplitude histogram of 10,000 pulses that are normalized to
the maximum, manifesting a normal distribution of the pulse
intensity within a narrow range. In addition, the ratio of the
standard deviation of pulse amplitudes to the mean value is
calculated to be 1.8%. The RF spectrum is depicted in Fig. 4C with
a span of 40 kHz and a resolution of 1 Hz and illustrates a
signal-to-noise ratio as high as 81.2 dB (over 130,000,000 con-
trast). Figure 4D demonstrates the intensity profile of the output
laser beam after collimation with a lens, indicating a strict
single-mode operation of the high-energy MO.

The long term stability of the high-energy MO system was
evaluated by monitoring the output power and optical spectrum
simultaneously through leveraging a 1%o coupler for 5 h. The
average power recorded per second is shown in Fig. 5A, where
the calculated root mean square fluctuation is less than 0.26%.
The optical spectrum evolution was examined every 20 s
during the monitoring process, and the results is shown in
Fig. 5B, in which no significant variation is observed.

High-average-power operation
On the basis of the high-energy operation, a straightforward
strategy to obtain high-average-power output is to make the
oscillator operating in the harmonic mode-locking regime, which,
in the current work, is realized through modifying the coupling
ratio of coupler 1 in Fig. 1 from 20:80 to 30:70. In addition, the
total cavity length was slightly increased to ~23.5 m, correspond-
ing to the fundamental repetition rate of 8.82 MHz.

During the experiment, up to 5th harmonic mode locking
was realized with the increase in the pump power with a fixed
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Fig.3.Pulse characteristics at the maximum output power. (A) Optical spectrum and (B) autocorrelation trace of the compressed pulse. Inset: Autocorrelation trace recorded

in a temporal span of 15 ps. a.u., arbitrary units.
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injecting seed power, which can be turned off once stable pulsing ~ spectra at the highest power of each order of harmonics are
operation was established. Figure 6A demonstrates the 1st, 2nd, shown in Fig. 6B, which manifests similar profiles that comprise
3rd, 4th, and 5th harmonic pulse trains with the repetition rates ~ the main signal and the SRS components, probably owing to
of 8.82,17.63, 26.45, 35.26, and 44.08 MHz, respectively, show- the commensurate maximum peak powers inside the cavity. The
ing periodic pulses without satellite peaks. The corresponding ~ maximum power and corresponding energy with the increase
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in the harmonic order are depicted in Fig. 6C, in which the power
enhancement presents a quasi-linear manner, echoing with
the increase in the pump power. The maximum power of 3.4 W
is achieved at the 5th harmonic, beyond which the system would
turn into multipulse operation. In addition, the highest single-
pulse energy at each harmonic is around 80 nJ, owing to the
peak power clamping effect inside the cavity. Comparing with
the high-energy operation, the relatively lower achievable max-
imum energy in the current operation regime is attributed to
the higher power circulating in the cavity. Figure 6D presents the
compressed pulse width and peak power at the highest power
of each order of harmonics. Similar to the single-pulse energy,
the dechirped pulse width is around 100 fs, while the corre-
sponding calculated peak power is around 0.63 MW after taking
into account the insertion loss of the compressor.

The pulse characteristics were further examined in detail at
the 5th harmonic mode locking. The output power evolution
with a linear slope efficiency of 69.4% versus pump power
increasing from 6.1 to 11 W is shown in Fig. 7A, which also
demonstrates the single-pulse energy increasing from 43.3 to
77.1 n]. Figure 7B shows the pulse width before and after com-
pression as a function of output power. It is observed that before
compression, the pulse width is gradually increased from 1 ps
to around 2.5 ps, associating with the broadening of the optical
spectrum. After compression, the pulse width stays around
90 fs, and the minimum duration is measured to be 83 fs at the
output power of 2.68 W. The optical spectrum evolution with
the enhancement of the operation power is shown in Fig. 7C,
in which a similar spectral broadening effect with the high-
energy operation version can be observed. The autocorrelation
profile of the compressed pulse at the maximum power is
shown in Fig. 7D, and the Gaussian fitting indicates a pulse
width of 100 fs. The small side peaks observed in the Fig. 7D
are attributed to the more excessive nonlinearity and
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uncompensated high-order dispersion. As in the harmonic mode
locking (HML) regime, the pulse width was narrowed by more
than 2.5 times, the corresponding peak power and, thus, the
nonlinear effect were significantly increased accordingly.

The system stability and reliability were also assessed at the
pump power of 10 W, corresponding to an output power of
3.11 W. Figure 8A demonstrates the measured RF spectrum
with a peak frequency of 44.08 MHz and a signal-to-noise ratio
of ~73 dB. To examine the supermode noise of the harmonic
mode-locking operation, the RF spectra were measured in a
frequency range of 50 MHz at the highest output power of
each order of harmonic. It was observed that the supermode
noise gradually emerges with the increase in the order of har-
monic and, at the maximum output power of 3.4 W, the sup-
pression of the base mode to the adjacent modes is more than
44 dB (shown in the inset of Fig. 8A), which is comparable
to that in previous reported harmonic mode-locked MO with
much lower pulse energy [34]. In addition, the histogram
distribution of the amplitude of 10,000 pulses is presented
in Fig. 8B, showing a similar behavior with that of the high-
energy operation version. The calculated ratio of the standard
deviation of the recorded pulse amplitudes to its mean value
is 1.7%. The inset in Fig. 8B depicts the intensity profile of
the output beam after collimation, and the strict single-mode
characteristic of the high-average-power working is veri-
fied. The power and optical spectrum evolution within 5 h
are respectively demonstrated in Fig. 8C and D, showing sta-
ble output power with root mean square variation of less than
0.12% and spectral constancy.

It should be pointed out that Bednyakova et al. [40] theo-
retically and experimentally analyzed the dynamics of a har-
monics mode-locked MO, which is explained by the dissipative
Faraday instability (DFI) mechanism. The DFI is based on the
fact that a pattern in the temporal domain will be produced by
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alternating spectral dissipative windows, which triggers har-
monic mode-locking or multipulse operation [41]. In [40],
2 wavelength-adjustable filters were introduced, for inducing
multipulse or harmonic mode-locking operation by changing
the separation of the 2 filters. However, in our work, the HML
was obtained with the increase in the pump power, while the
filters are unadjustable. Besides, during the start-up of the
HML, the pulses were observed to be first randomly distributed
and then redistributed evenly, indicating a manner disagrees
with the DFI model while agrees with the theory of gain deple-
tion and recovery [35,42] , which is recognized as the general
process of conventional HML fiber lasers and has been verified
to be applicable to HML operation in MO [35]. Considering
the triggering of HML in our work, it may be inappropriate to
simply attribute to the reinforced nonlinearities in the cavity.
According to the theory of gain depletion and recovery, an
increased portion of the pulse energy circulating inside the
cavity would strengthen the depletion of the gain and then
facilitate the acceleration of pulses and the formation of
harmonic mode locking. This can be verified by the narrowed
pulse width (maximum of 2.5 ps) compared with that operated
in the high-energy regime (maximum of 6.4 ps). In addition,
as the cavity length is also increased by ~2 m, the fundamental
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repetition rate is accordingly reduced, and the intracavity non-
linearities would be increased to some degree, further assisting
the onset of HML operation.

Conclusion

In conclusion, an all-fiber PM MO system that delivers hundred-
nanojoule energy and multiwatt power ultrafast laser was
experimentally demonstrated with a single amplification arm
inside the cavity and an external seed pulse. In the high-energy
operation, the maximum single-pulse energy of 153 nJ was
achieved at the repetition rate of 9.77 MHz, corresponding to
1.5-W average power. The pulse width was externally com-
pressed to 73 fs with 122.1-n] pulse energy by a pair of diffrac-
tion gratings, resulting a maximum peak power of 1.7 MW. In
the high-average-power operation, up to 5th harmonic mode
locking of the all-fiber MO was realized with the repetition rate
of 44.08 MHz, through slightly modifying the output coupling
ratio and the cavity length. The maximum output power was
3.4 W with a single-pulse energy of 77.1 nJ, and the dechirped
pulse width was around ~100 fs. The reliability and short-/
long-term stability of both operation regimes were verified
through characterizing its temporal, frequency, and space
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Fig. 8.Pulse stability properties at pump power of 10 W. (A) RF spectrum at the base frequency of the 5th harmonics. Inset: The RF spectrum in a wider spectrum range of
0 to 50 MHz. (B) The statistical histogram of the amplitude of 10,000 pulses relative to its maximum. Inset: The intensity profile of the output laser beam after collimation.
(C) The output power (recorded every second) and (D) optical spectrum evolution (recorded every 20 s) within 5 h.

domain properties. To the best of our knowledge, this is the
highest pulse energy and average power emitted from an
all-fiber ultrafast laser oscillator with picosecond/femtosecond
pulse duration. Although, in the current work, the self-started
mode locking was not demonstrated mostly because of the fixed
central wavelength of the filters, it is expected that through
employing wavelength tunable filters, the self-starting opera-
tion is readily realizable with routinely method [32,33,37].
Moreover, higher-energy and -power ultrafast laser can be
envisioned to be generated with a similar manner through
implementing an all-fiber MO with higher core diameter of the
fiber and exploiting new nonlinear pulse evolution [43] that
has a higher tolerance to the nonlinear phase accumulation.
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